We study the Higgs boson mass and the muon anomalous magnetic moment (the muon g − 2) in a supersymmetric standard model with vector-like generations. The infrared physics of the model is governed by strong renormalization-group effects of the gauge couplings. That leads to sizable extra Yukawa couplings of Higgs doublets between the second and vector-like generations in both quark and lepton sectors. It is found with this property that there exist wide parameter regions where the Higgs boson mass and the muon g − 2 are simultaneously explained.
Introduction
The discovery of the Higgs boson by the ATLAS and CMS collaborations of the LHC gives big impacts on particle physics [1, 2] . All the elementary particles of the Standard Model (SM) with gauge symmetry SU(3) × SU(2) × U(1) are experimentally confirmed.
Supersymmetry (SUSY) provides one of the most attractive candidates for the theory beyond the SM. In the Minimal Supersymmetric Standard Model (MSSM) with low-energy supersymmetry [3] , three gauge couplings are unified at a high-energy scale and the lightest superpartner of SM particles would be dark matter in the Universe. Furthermore the electroweak symmetry breaking is naturally triggered around the Fermi scale [4] and is stabilized by the cancellation of quantum corrections.
We focus on two important physical quantities: the Higgs boson mass and the muon anomalous magnetic moment (the muon g − 2). The Higgs boson mass was determined to be around 125
GeV by the LHC experiments. In the MSSM, it is well known that the Higgs mass is below the Z boson mass at tree level and can be raised by the radiative correction from the O(1) top Yukawa coupling [5, 6] . The Higgs mass generally becomes large when the SUSY breaking (in the top sector) is large since the cancellation of divergences is weakened. The muon g − 2, which is defined by a µ = (g − 2) µ /2, shows the discrepancy between the experimental result and the SM prediction that indicates new physics beyond the SM. The discrepancy is above 3 sigma and quantified as ∆a µ ≡ a µ (exp) − a µ (SM) = (28.1 ± 8.0) × 10 −10 [7, 8] . The muon g − 2 generally becomes small when the SUSY breaking (in the muon sector) is large [9, 10] due to the decoupling property. It is noticed that these two quantities have the opposite dependences on SUSY breaking (the masses of superpartners). This fact leads to a problem in the MSSM that two experimental results are not simultaneously explained for universal SUSY-breaking parameters, e.g. the minimal supergravity mediation [11] .
In this work, we consider the effect of extra vector-like generations to the above problem. It is known that light vector-like matter fermions are consistent with the precision electroweak measurements, while only the 4th (chiral) generation is not [12] . Further, with (a pair of) vector-like generations, the gauge coupling unification is preserved [13, 14] . The gauge couplings in high-energy regime are larger than those of the MSSM and hence the renormalization-group (RG) running is governed by the gauge sector. As a result, the ratios of Yukawa and gauge couplings have strong convergence to their infrared-fixed point values. It is therefore possible to determine Yukawa (and other) couplings at low-energy [15] which are insensitive to high-energy initial values with the strong convergence property [14, 16] . In Ref. [17] , we show that the fixed-point behavior determines the matrix forms of Yukawa couplings for the up-type, down-type quarks and charged leptons with the vector-like generations. A notable fact in these Yukawa matrices is that the Higgs boson and the muon have sizable couplings to the vector-like generations. In this paper, we focus on these Yukawa matrices and evaluate the contributions of vector-like generations to the Higgs boson mass and the muon g − 2.
The organization of this paper is as follows. In Section 2, we introduce vector-like generations and explain our model. The RG behaviors of gauge and Yukawa couplings are discussed and the realistic forms of Yukawa matrices are determined by the fixed-point property. In Section 3, we give the analytic formulae of the Higgs boson mass and the muon g − 2 in the model. In Section 4, we first describe the RG property of SUSY-breaking parameters on which the Higgs mass and the muon g − 2 depend. We then show the parameter regions where the Higgs mass and the muon g − 2 are explained simultaneously, and compare our model with the MSSM. The final section is devoted to the conclusion.
Model
We introduce a pair of vector-like generations (i.e. the 4th and 5th ones) to the MSSM. The (super)fields for the MSSM part are 
3)
The quantum charges of these superfields are summarized in 
leptons are given by
8)
) respectively. Here and hereafter, we denote the fields in the "5th" generation superfields (2.4) by those with the indices "5". For example, the fermions in the superfieldQ are (u 5R ) C and (d 5R ) C , and that inū is u 5L (the subscripts L and R mean the chirality). The corresponding scalar partners are denoted by the fields with tildes such asũ 5L . The singlet expectation value V is assumed to be a bit larger than the electroweak scale (V v u , v d ) since the vector-like generations should be heavy to evade experimental bounds such as flavor constraints.
Hereafter, we call the present model including vector-like generations as the Vector-like Matter Supersymmetric Standard Model (VMSSM).
Gauge coupling unification
The VMSSM is quite different from the MSSM with respect to the RG running of coupling constants.
In particular, the one-loop RG equations for gauge couplings are given by where µ is renormalization scale and g 1 , g 2 and g 3 are the gauge coupling constants of U(1), SU (2) and SU(3) gauge groups, respectively. In Fig. 2 .1, we show the RG running of gauge coupling constants α i = g 2 i /4π for the MSSM (red lines) and the VMSSM (blue ones). The two-loop RG running in the VMSSM is also shown by the dashed lines. The gauge coupling unification is kept in the VMSSM and the unified gauge coupling constant is defined as
where the scale M GUT of grand unified theory (GUT) is around 10 16 GeV. In the figure, the unification scale in the VMSSM is found to be larger than the MSSM due to the two-loop RG effects of gauge couplings [14] . Further, the unified gauge coupling constant in the VMSSM becomes larger than the MSSM since the vector-like generations make the gauge couplings asymptotically non free.
The large coupling constants in the gauge sector govern the low-energy behavior of other model parameters through the RG evolution. As will be seen later, this fact is important to analyze Yukawa and SUSY-breaking parameters. We use in the numerical calculation the two-loop RG equations for the gauge coupling constants and gaugino masses which are summarized in Appendix A. 
Yukawa couplings at the unification scale
In this subsection, we consider possible forms of the quark and lepton Yukawa couplings at the GUT scale. Due to the strong RG effect of gauge couplings, Yukawa couplings tend to have the fixed-point behavior at low energy [18] . couplings from the 2nd to 5th generations are given by up-type quarks :
down-type quarks : 14) charged leptons : 15) where the blank entries mean 0, and eachŷ (Ŷ ) represents O(1) Yukawa coupling to the doublet (singlet) Higgs fields. The parameter is needed to reproduce the quark and lepton masses at low energy, especially for the 2nd generation [17] . In the charged-lepton matrix (2.15), the GeorgiJarlskog factor [19] is utilized for the quark and lepton mass difference. We assume for simplicity that allŷ andŶ in the matrices (2. that is, the vector-like generations strongly couple to the muon field. The radiative corrections from these couplings give the contribution to the muon g − 2 in addition to the MSSM one. As mentioned in the introduction, the experimental data of the Higgs boson mass and the muon g − 2 is difficult to be explained simultaneously in the MSSM. The new contributions from the strongly-coupled vector-like generations are expected to ameliorate the problem.
Analytic Formula
In this section, we present the analytic expressions for the one-loop radiative corrections to the Higgs boson mass and the muon g − 2 in the VMSSM.
Higgs boson mass
The two Higgs doublets contain eight real scalar fields. Three of these are eaten to give masses to the gauge bosons and the remaining five are physical bosons; two charged scalars, one pseudoscalar, and two neutral scalars. Among them, it is well known in the MSSM that the tree-level mass of the lightest neutral scalar is below the Z boson mass. This lightest scalar mass is however raised up by including quantum corrections from the top and stop particles so that it becomes a plausible candidate for the 125 GeV Higgs boson found by the LHC experiments. We evaluate the mass of the lightest neutral scalar in the VMSSM, which is denoted by m h 0 , by calculating the scalar potential of the Higgs sector up to one-loop order. The quantum corrections to the Higgs mass from vector-like generations were calculated in the literature [20, 21] . We use the effective potential method [22] as usual for the MSSM case. The one-loop correction to the Higgs potential is generally given by 
where µ represents the renormalization scale which is set to be M SUSY in evaluating the Higgs mass.
The one-loop correction to the lightest neutral scalar mass, ∆m 2 h 0 , can be extracted from ∆V H by the formula [21] ∆m
Muon g − 2
In order to evaluate the muon g − 2, we use the mass eigenstate basis for gauginos, charged leptons, charged sleptons and neutral sleptons. First, we consider the 4 × 4 mass matrix for neutralinos consisting of bino (B), neutral wino (W 0 ) and neutral higgsinos (H 0 u andH 0 d ). In the basis of {B,W 0 ,H 0 d ,H 0 u }, the neutralino mass matrix M χ 0 is given by
Next we consider the mass matrix for charginos consisting of charged winos (W ± ) and charged
, where the charged winosW ± are defined as
In the basis of {W − ,H − d } and {W + ,H + u }, the chargino mass matrix M χ ± is given by
These mass matrices are diagonalized as follows to obtain the muon interactions in terms of mass eigenstates. We first diagonalize the neutralino mass matrix (3.4) by using a unitary matrix N
where m χ 0
x (x = 1, . . . , 4) are the positive mass eigenvalues, and m χ 0
Similarly, the chargino mass matrix (3.6) is diagonalized by using two unitary matrices J and K
where m ± χx (x = 1, 2) are the positive mass eigenvalues, and m χ
. Finally, we define the diagonalization of mass matrices for the lepton sector
for charged leptons, charged sleptons and neutral sleptons, respectively. Here, m e is the charged lepton mass matrix in Eq. (2.10), and M 2 e and M 2 ν are the charged slepton and neutral slepton mass matrices in (B.3) and (B.4). Further we denote the mass eigenvalues m E i , mẼ a and mÑ a for the mass eigenstates of charged leptons (E i ), charged sleptons (Ẽ a ) and neutral sleptons (Ñ α ), respectively. With these diagonalized basis at hand, the interaction terms of the muon, which are needed to calculate the muon g − 2, are given by
where P L = (1 − γ 5 )/2 and P R = (1 + γ 5 )/2. The mass eigenstate E 2 corresponds to the muon field, and χ 0 x and χ ± x are the neutralinos and charginos. The fermion component of the singlet superfield Φ is denoted by χ Φ and called the phino in this paper. The coefficients in the Lagrangian (3.12)
In the VMSSM, the origins of SUSY contributions to the muon g − 2 are divided into 3 parts 2 :
neutralinos, charginos, and phino. The contribution from the phino is evaluated by the replacement χ 0 with χ Φ in the neutralino diagram (with appropriate replacement of coefficients). We find the SUSY contribution to the muon g − 2 in the VMSSM:
where
with r 1ax = m 2
, and m µ is the muon mass. The functions F N 1,2 and F C 1,2 are defined [10] by
Numerical Result
In the following, we calculate the Higgs boson mass m h 0 and the correction to the muon g − 2 by
using the results (3.3) and (3.19).
2 Strictly speaking, the non-SUSY contribution from the vector-like leptons, which is denoted by ∆a 4+4 µ , has to be taken into account. That is, in the VMSSM the new physics contribution to the muon g −2 should be ∆a
However we numerically find ∆a 
SUSY-breaking parameters
As for the SUSY breaking scenario, we use the minimal gravity mediation [24] which leads to the superpartner spectrum by assuming that all gaugino masses unify to m 1/2 and all scalar soft masses also unify to m 0 at the GUT scale. The other relevant SUSY-breaking parameters is A 0 , which is the universal scalar trilinear coupling at the GUT scale. In this paper, tan β is fixed so that the experimental data of the muon mass is obtained at the electroweak scale for fixed values of Yukawa couplings. Furthermore, the sign of µ H parameter is taken to be positive for the muon g−2 anomaly.
As a result, in the following analysis we have three SUSY-breaking free parameters: m 1/2 , m 0 and A 0 . Once these parameters are fixed together with the input values listed in Table 2 .2, the resultant low-energy physics is determined by solving the RG equations.
We here comment on typical property of scalar trilinear couplings in the VMSSM. of a e 24 which would contribute to the muon g − 2. It is found that these trilinear couplings have the strong infrared convergency as in the case of Yukawa couplings described in Fig. 2.2 .
In the MSSM, it is known that the mass of the lightest neutral scalar depends on the trilinear coupling of stop [5] . In the VMSSM, taking into account the infrared convergence behavior, one expects that the Higgs boson mass does not depend on the initial values of trilinear couplings at high energy. Moreover, one might also consider that the same is true for the muon g − 2. We will however show that the muon g − 2 depend on the universal trilinear coupling A 0 in particular circumstance, and discuss the reason in detail in Section 4.3.
Parameter dependence of Higgs boson mass
We In the lower left panel, we show the dependence on the smuon mass which is denoted by mẽ 2L .
The blue region is explained if the smuon mass is around 1 TeV. In the MSSM that the smuon mass is needed to be O(100) GeV to explain the anomaly. In the VMSSM, however, the deviation of the muon g − 2 is explained by a heavier smuon than the MSSM. This is clearly seen in the lower right panel which shows the muon g − 2 contribution from the VMSSM (red line) and from the MSSM sector only (black line). The definition of the black line is the large V limit and the same as before. In the VMSSM, the muon g − 2 anomaly turns out to be explained by a larger value of m 1/2 , that is, a heavier low-energy smuon than the MSSM. This is because there exists additional contribution from the vector-like generations which have sizable coupling to the muon field.
We also show in Fig. 4 .4 each g − 2 contribution from SUSY particles. The blue and green lines represent the contributions from neutralinos and charginos, respectively. The phino contribution is negligible (∆a χ Φ µ ∼ 10 −11 ) in this figure mainly because the gauge couplings are absent in (3.17) and (3.18) . In the VMSSM with the parameter set of Table 2 .2, it is found that the neutralino contribution tends to be dominant than the chargino one. It comes from the superpartner spectrum that a charged slepton of O(100) GeV exists, while the neutral sleptons are O(1) TeV. The concrete mass spectrum are listed in the next section. The gaugino, especially the gluino gives an important experimental bound on the superpartner mass spectrum. This is because in the VMSSM the gauge couplings are asymptotically non free and the universal gaugino mass is much larger than low-energy gaugino masses. The low-energy values of gaugino mass parameters are shown in Fig. 4 .5 where the horizontal dashed line means 800 GeV, a rough lower experimental bound of gluino mass [26] . It is found that the universal gaugino mass m 1/2 should be taken above 1.9 TeV. The squarks of first two generations are roughly excluded with masses below 1100 GeV, and the superpartners of the top and bottom quarks should be heavier than 95 GeV and 89 GeV, respectively [26] . The lower left panel of Fig. 4.2 implies that the stop mass in the VMSSM is about 2 TeV for the Higgs boson mass being around 125 GeV. Since the RG evolution of squark mass parameters is governed by the strong gauge coupling, the other squark (1), (2), (3), respectively. These points are marked by (1)- (3) in Fig. 4 .6.
We show in the table the mass eigenvalues of scalar superpartners which are related to the quantum corrections to the Higgs boson mass and the muon g − 2: the stop (mũ 3L,3H ), the smuon (mẽ 2L,2H ), the sneutrino of 2nd generation (mν 2 ), the vector-like up-type squarks (mũ 4L,4H,5L,5H ), the vectorlike charged sleptons (mẽ 4L,4H,5L,5H ), and the vector-like neutral sleptons (mν 4, 5 ). The labels L and H of the stop and smuon mean that L is lighter than H. For the vector-like generations, the mass eigenvalues are arranged to be heavy in the order of 4L, 4H, 5L, 5H for squarks and charged sleptons, and 4, 5 for neutral sleptons. In the MSSM, the stop masses are roughly needed to be 3 − 4 TeV for the Higgs mass, though it depends on other parameters. In the VMSSM with the universal SUSYbreaking parameters, the Higgs mass is reproduced by lighter stop masses. This is because we have extra up-type (s)quarks that strongly couple to the Higgs fields, namely the Yukawa couplings of vector-like quarks remains O(1) at low energy. That gives an additional quantum correction to the Higgs boson mass and relaxes the requirement of large stop masses in the MSSM. As for the muon g − 2, the anomaly can be explained by 1 TeV smuon masses in the VMSSM. In this paper, we fix tan β = 17 to obtain the quark and lepton masses in the 2nd and 3rd generations. If the muon g − 2 is evaluated with tan β = 17 in the MSSM, the smuon masses are needed to be light and O(100)
GeV to explain the deviation [9, 10] . In the VMSSM, one of the charged sleptons in the vector-like generations, mẽ 4L in Table 4 .1, becomes O(100) GeV. Moreover the Yukawa couplings between the 2nd and vector-like generations, the 2-4 and 4-2 elements in (2.15), are nonzero. These facts together mean that the muon couplings (3.13)-(3.16) give sizable g − 2 contributions from extra generations. In the end, the deviation between the SM theoretical values and the experimental measurement can be explained even if the smuon masses are much heavier than the MSSM.
Finally we comment on the flavor constraints in the VMSSM. Notice that the following is a tentative analysis which depends on how to realize the generation mixing including (the Yukawa couplings of) the first generation. A typical experimental bound in the quark sector comes from the unitarity of the generation mixing matrix, which is numerically confirmed to be satisfied with heavy vector-like generations. In the lepton sector, the muon has sizable couplings to the vectorlike generations, which would induce flavor-changing rare processes. 3 The flavor mixing including the third generation (τ ) is expected to be small since µ-τ has no coupling in (2.15) and is only radiatively induced. On the other hand, the muon decay, especially µ → eγ, would be induced through the slepton mixing which is represented by the product of couplings among the first two generations and vector-like ones. A previous analysis shows the branching ratio of µ → eγ becomes O(10 −13 ) which is almost the same order of the experimental bound [28] , when the above product of couplings is O(10 −1 ) [29] . In the present model, the muon coupling to the vector-like generations is found to be O(10 −1 ) at low energy and that of the electron is expected to be smaller. Thus, within the region where the Higgs boson mass and the muon g − 2 are explained simultaneously, the µ → eγ decay would not be comparable with the experimental bound.
Conclusion
In this paper, we have studied the Higgs boson mass and the muon g − 2 anomaly in an extension of the MSSM by introducing one pair of vector-like generations. Compared with the MSSM, the Higgs mass is reproduced with a lighter stop, while the muon g − 2 is fitted by a heavier smuon.
As a result, we found that these two experimental values can be explained simultaneously in wide regions of SUSY-breaking parameter space. The model parameters are controlled by the strong gauge coupling (and the gluino mass) through the infrared convergence of RG evolution. Due to this feature, the quark and lepton Yukawa couplings at high energy and the SUSY mass spectrum at low energy are highly restricted, which leads to distinctive physical predictions. Among them, the gluino mass becomes around 900 GeV and the lightest neutralino and chargino are O(100) GeV with the Higgs mass and the muon g − 2 being realized. These mass regions would be measurable in near future experiments.
We comment on the phenomenology of the singlet superfield Φ, whose fermionic component is called the phino in this paper. The phino mass read from the superpotential and is given by Y V where Y is the coefficient of the cubic term of gauge singlet Φ. The RG running of Y is governed only by the Yukawa couplings involving Φ and does not contains any gauge couplings, which mean Y is pushed down during the RG evolution. As a result, Y becomes O(10 −2 ) at low energy and the mass of phino is around or below 100 GeV. Since the lightest neutralino is around 200 GeV (see Table 4 .1), the phino may be the lightest superparticle, which implies the neutral and non-baryonic phino can be a reasonable candidate for the dark matter in the universe and may also give characteristic collider signatures. That should be investigated in detail, together with the phenomenology of the scalar component of Φ, e.g., a recent analysis of the 750 GeV diphoton excess [30] with Φ and vector-like generations [31] .
A RG Equations for the VMSSM
We present the RG equations of model parameters in the VMSSM. Due to the asymptotically nonfree nature of the gauge sector, the two-loop RG equations are used for gauge coupling constants and gaugino masses.
A.1 Gauge couplings and gaugino masses
The two-loop RG equations of gauge coupling constants g i and gaugino masses M i (i = 1, 2, 3) are given by 
A.2 Yukawa couplings and bilinear terms
The RG equations of Yukawa couplings and the bilinear terms are given by
The anomalous dimensions γ's are 
A.3 A and B terms
The RG equations of SUSY-breaking A and B terms are given by
= (γ e a e ) ij + (a e γ L ) ij + γ H d a e ij + 2(γ e y e ) ij + 2(y eγL ) ij + 2γ
= (γd + γQ + γ Hu )yd + 2(γd +γQ +γ Hu )ad, (A.37) daē d(log µ) = (γē + γL + γ Hu )yē + 2(γē +γL +γ Hu )aē, (A.38)
where the definitions ofγ's arẽ 
(B.14)
